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The docking protein FRS2 was implicated in the transmission of extracellular signals from the fibroblast
growth factor (FGF) or nerve growth factor (NGF) receptors to the Ras/mitogen-activated protein kinase
signaling cascade. The two members of the FRS2 family, FRS2a and FRS2b, are structurally very similar. Each
is composed of an N-terminal myristylation signal, a phosphotyrosine-binding (PTB) domain, and a C-
terminal tail containing multiple binding sites for the SH2 domains of the adapter protein Grb2 and the
protein tyrosine phosphatase Shp2. Here we show that the PTB domains of both the a and b isoforms of FRS2
bind directly to the FGF or NGF receptors. The PTB domains of the FRS2 proteins bind to a highly conserved
sequence in the juxtamembrane region of FGFR1. While FGFR1 interacts with FRS2 constitutively, indepen-
dent of ligand stimulation and tyrosine phosphorylation, NGF receptor (TrkA) binding to FRS2 is strongly
dependent on receptor activation. Complex formation with TrkA is dependent on phosphorylation of Y490, a
canonical PTB domain binding site that also functions as a binding site for Shc (NPXpY). Using deletion and
alanine scanning mutagenesis as well as peptide competition assays, we demonstrate that the PTB domains of
the FRS2 proteins specifically recognize two different primary structures in two different receptors in a
phosphorylation-dependent or -independent manner. In addition, NGF-induced tyrosine phosphorylation of
FRS2a is diminished in cells that overexpress a kinase-inactive mutant of FGFR1. This experiment suggests
that FGFR1 may regulate signaling via NGF receptors by sequestering a common key element which both
receptors utilize for transmitting their signals. The multiple interactions mediated by FRS2 appear to play an
important role in target selection and in defining the specificity of several families of receptor tyrosine kinases.

The fibroblast growth factor (FGF) and nerve growth factor
(NGF) receptor families belong to a large group of protein
tyrosine kinases that play a crucial role in controlling cell
growth, differentiation, and survival among other activities (re-
viewed in references 2 and 12). Like all receptor tyrosine
kinases (RTKs), the FGF and NGF receptors comprise an
extracellular ligand binding domain, a single transmembrane
region, a cytoplasmic domain composed of a protein tyrosine
kinase core, and sequences containing phosphotyrosine resi-
dues which function as recognition domains for a variety of
signaling proteins (30, 33). The FGF and NGF receptors are
expressed in different tissues of the central nervous system and
play a crucial role in the control of signaling processes essential
for neuronal development and survival (2, 12). Activation of
the FGF and NGF receptors results in a strong activation of
the Ras/mitogen-activated protein kinase (MAPK) cascade by
means of recruitment of the Grb2-Sos complex to the plasma
membrane (19, 22, 34). However, both the FGF and NGF
receptors lack the consensus pYXN binding site for the SH2
domain of Grb2 and therefore utilize docking proteins to in-
directly recruit the Grb2-Sos complex, a step essential for ac-
tivation of the Ras/MAPK kinase signaling cascade. Activation
of the FGF and NGF receptors results in tyrosine phosphor-
ylation of the docking proteins Shc and FRS2 (19). Of partic-
ular interest is FRS2, which unlike Shc is tyrosine phosphory-
lated by a limited repertoire of RTKs shown to be involved in

neuronal signaling, namely, the NGF, glial cell-derived neuro-
trophic factor, brain-derived neurotrophic factor, and FGF
receptors (10, 14, 19, 31, 32).

Many docking proteins have the common structure of an
N-terminal membrane targeting signal, either a pleckstrin ho-
mology (PH) domain or a myristylation signal and a phospho-
tyrosine-binding (PTB) domain that mediates direct associa-
tion with activated RTKs (30). The remaining sequence of a
docking protein contains multiple tyrosine residues which are
phosphorylated by the ligand-activated RTK, leading to the
recruitment of a variety of signaling molecules to the cell
membrane. Thus docking proteins play a role in the control of
membrane targeting of signaling proteins and expansion of the
repertoire of signaling pathways that are activated by RTKs by
providing additional recruitment sites for signaling proteins.
For example, members of the insulin receptor substrate (IRS)
family of docking proteins have an N-terminal PH domain
followed by a PTB domain and a large C-terminal sequence
containing numerous tyrosine phosphorylation sites (40). Dok
has a modular structure similar to that of the IRS proteins (5,
39) and is utilized by Eph receptors in the signaling process
that controls axon guidance (17). The docking protein Gab1
contains a PH domain and a specific receptor recognition do-
main. It was shown that Gab1 functions downstream of the
insulin, epidermal growth factor (EGF), and HGF receptors
(16, 37) as well as in signaling via certain cytokine receptors
(35).

Two members of the FRS2 family have been identified (19,
38; this study). Both FRS2a and FRS2b contain a membrane-
anchoring N-myristylation signal, a PTB domain, and a C-
terminal region which contains tyrosine residues which, when
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phosphorylated, form the binding sites for the SH2 domain of
Grb2 and the N-SH2 domain of Shp2. We have previously
demonstrated that FRS2a is tyrosine phosphorylated and
forms a complex with Grb2 and Shp2 in response to FGF or
NGF stimulation (19, 29). The interaction of Shp2 results in its
own tyrosine phosphorylation and complex formation between
Shp2 and Grb2. Thus, by recruitment of Grb2-Sos complexes
directly and indirectly via Shp2, FRS2 plays a major role in
mediating signals from the activated receptors to the Ras/
MAPK signaling cascade (14, 19).

In this report we characterize the mechanism by which FRS2
is specifically targeted to and phosphorylated by the FGF and
NGF receptors. We found that FRS2a interacts directly and
constitutively with FGFR1. The interaction is mediated by the
PTB domain of FRS2a and is not dependent on receptor
activation. The region of binding is mapped to the juxtamem-
brane domain of FGFR1, a highly conserved sequence
throughout the mammalian FGF receptor family. This se-
quence is distinct from all the currently established sequences
recognized by PTB domains of docking proteins. Unlike its
interaction with FGFR1, the binding of the PTB domain of
FRS2a is preferentially to the activated tyrosine-phosphory-
lated NGF receptor, TrkA. The PTB domain binds specifically
to the juxtamembrane region of a sequence containing phos-
photyrosine at amino acid 490 bearing the well-established
recognition motif (NPQpY) for the PTB domain of adapter
protein Shc (9, 28). The PTB domain of FRS2a is capable of
recognizing both ligands bearing the classical NPXpY motif of
TrkA and a totally distinct sequence in the FGF receptor. The
PTB domain of FRS2b binds constitutively to the same se-
quences on the FGF receptor as FRS2a and to TrkA in a
phosphorylation-dependent manner. We have also shown that
mutations in the binding site on FGFR1 for the PTB domain
of FRS2a leading to diminished binding of FRS2a in cells
resulted in abrogated MAPK phosphorylation induced by FGF
receptor activation. Finally, coexpression of increasing levels of
the kinase-inactive FGFR1 with wild-type TrkA resulted in
diminished TrkA-induced phosphorylation of FRS2a, suggest-
ing that signaling via NGF receptors may be regulated by a
docking protein that serves as a common target for TrkA and
FGF receptors.

MATERIALS AND METHODS

Antibodies. Anti-FGFR1, anti-FRS2a, anti-Grb2, anti-Shc, anti-Sos1, and an-
ti-P-Tyr were previously described (19, 27). Anti-TrkA, anti-Erk, and anti-His tag
antibodies were from Santa Cruz Biotechnology. Anti-phospho-Erk antibodies
were from New England Biolabs.

Cell lines. L6 myoblasts stably transfected with FGFR1 were previously de-
scribed (27). The cells were cultured in Dulbecco’s minimal essential medium
(DMEM) supplemented with 10% fetal bovine serum, 10 mM L-glutamine, and
100 mg each of penicillin and streptomycin/ml, all from Gibco BRL. Human 293
cells were cultured in the same medium. PC12 cells stably expressing TrkA and
FRS2a (PC12-TrkA-FRS2a) or FGFR1 and FRS2a (PC12-Flg-FRS2a) were
previously described (19). The cells were grown in DMEM supplemented with
10% fetal calf serum and 10% horse serum from Gibco BRL.

Expression constructs. The FGFR1 coding sequences (wild type or kinase-
inactive mutant) were cloned into the mammalian expression vector pRK5 as
previously described (27). The FRS2a constructs used in this study, including the
full-length FRS2a and the PTB domain cloned in pRK5 were previously de-
scribed (19). For expression in mammalian cells, Lipofectamine (Gibco BRL)
was used for transfection, following the protocol recommended by the manufac-
turer.

For expression of glutathione S-transferase (GST) fusion proteins, PCR-am-
plified sequences corresponding to the regions of interest of the proteins were
cloned into the pGEX2T vector (Pharmacia). The GST fusion proteins of the
PTB domains of FRS2a (amino acids 1 to 158), FRS2b (amino acids 9 to 130),
and Shc (amino acids 4 to 109) and the SH2 domains of phospholipase C-g
(PLC-g; amino acids 538 to 760) were expressed and purified with glutathione-
conjugated agarose beads (Sigma). The juxtamembrane domain of FGFR1 (ami-
no acids 399 to 470) was expressed as a C-terminal hexahistidine-tagged fusion
protein with the pET22b vector (Novagen) and purified through a nickel Hi-Trap

chelating column (Pharmacia). The integrity of the His-tagged fusion protein was
ascertained by N-terminal microsequencing.

Mutagenesis of FGFR1. (i) Deletion mutagenesis. C-terminal deletion mu-
tants of FGFR1 were generated by PCR. The hemagglutinin (HA) epitope tag
was added at the C terminus of each mutant to allow immunoprecipitation and
immunoblotting of the mutant receptors from cell lysates with standard reagents.
The DNA sequence encoding the HA tag followed by a stop codon was intro-
duced in frame by the 39 oligonucleotide primer used for PCR amplification on
the FGFR1 cDNA template. The transmembrane and extracellular domains
were retained to allow proper targeting of the mutant receptors to the plasma
membrane. Deletion mutants truncated at amino acids 410, 420, 421, 423, 427,
432, 445, 450, 469, 578, 594, and 765 of FGFR1 were generated. The HA-tagged
full-length wild-type and kinase-inactive FGFR1 (Y653/654F-KM) were also
constructed. All FGFR1 mutants were cloned in the vector pRK5.

(ii) Alanine scan mutagenesis. Amino acids 419 to 430 in the juxtamembrane
region of FGFR1 were mutated to alanine with the Quickchange site-directed
mutagenesis kit (Stratagene). The mutations were confirmed by DNA sequenc-
ing.

Binding assays. To assay the binding of FRS2a to FGFR1 in cells, cDNA of
full-length FRS2a protein or its PTB domain and FGFR1 were cotransfected
into 293 cells. The levels of expression of FRS2a or the FGFRs were optimized
and verified to be equivalent by immunoblotting on total cell lysates before the
assay was carried out. For binding to GST fusion proteins, the GST fusion
proteins were purified and immobilized on glutathione-agarose beads. The bind-
ing assays are carried out in the cell lysis buffer (20 mM HEPES [pH 7.5], 137
mM NaCl, 1% Triton X-100, 10% glycerol, 1.5 mM MgCl2, 1 mM EGTA, 1 mg
of leupeptin and 1 mg of aprotinin/ml, 1 mM phenylmethylsulfonyl fluoride, 0.2
mM Na3VO4) and washed in a similar buffer, except that the concentration of
Triton X-100 was reduced to 0.2%. Specifically bound proteins were eluted and
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), followed by detection by immunoblotting with specific antibodies.

To assay for the direct interaction between the PTB domain of FRS2 and
FGFR1, the PTB domain of FRS2a expressed as a GST fusion protein (GST-
PTB-FRS2a) and the juxtamembrane region of FGFR1 (amino acids 399 to 470)
expressed as a histidine-tagged fusion protein were used. Equivalent amounts of
GST-PTB-FRS2a immobilized on glutathione beads were incubated with in-
creasing concentrations of the juxtamembrane region of FGFR1. Specifically
bound proteins were eluted and resolved by SDS-PAGE, followed by immuno-
blotting with antibodies against the hexahistidine epitope.

To assay for the binding of FRS2a to the TrkA receptor in vivo, we used stably
transfected PC12 cells that coexpress both FRS2a and TrkA. For binding to GST
fusion proteins we used the same protocol described above for FGFR1. For
peptide competition assays, the peptides corresponding to amino acids 412 to 433
(MAVHKLAKSIPLRRQVTVSADS) of human FGFR1 (Biosynthesis Inc.),
amino acids 808 to 822 (PRHPAQLANGGKLRR) of human FGFR1
(hFGFR1), and amino acids 489 to 497 (LQGHIIENPQpYFSDACVH) of hu-
man TrkA prepared according to standard procedures were used.

RESULTS

FRS2a binds directly and constitutively to the FGF recep-
tor. We have previously shown that following FGF or NGF
stimulation, FRS2a is phosphorylated on multiple tyrosine res-
idues that function as docking sites for Grb2-Sos and Shp2–
Grb2-Sos complexes via the SH2 domains of Grb2 and Shp2,
respectively (14, 19). However, the mechanism underlying
FGF- or NGF-induced tyrosine phosphorylation of FRS2a is
not yet understood. To ascertain the interaction between
FRS2a and the FGF receptor, we used three cell lines (Fig. 1):
NIH 3T3 cells which express endogenous FRS2a, FRS2b, and
FGF receptors, L6 myoblasts stably transfected with FGFR1,
and PC12 cells stably transfected with both FGFR1 and FRS2a
(PC12-Flg-FRS2a). Quiescent cells grown to 80% confluency
were treated with aFGF and heparin (100 ng/ml and 5 mg/ml,
respectively) for 5 min at 37°C. The cells were solubilized, and
the cell lysates were subjected to immunoprecipitation with
either anti-FGFR1 or anti-Grb2 antibodies. The immunopre-
cipitates were analyzed by SDS-PAGE followed by immuno-
blotting with anti-FRS2a or anti-pTyr antibodies (Fig. 1A and
B). FRS2a from the lysates of quiescent L6 myoblasts (Fig.
1A) migrated on SDS-polyacrylamide gels with an apparent
molecular mass of 70 kDa and upon phosphorylation in re-
sponse to anti-FGF treatment migrated with an apparent mo-
lecular mass 90 kDa. FRS2a is coimmunoprecipitated with
both nonactivated and ligand-activated FGFR1 but is coimmu-
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noprecipitated with Grb2 only upon FGF stimulation. Thus,
unlike Grb2, FGFR1 interacts with FRS2 constitutively, inde-
pendent of ligand activation and the type of cells in which both
are expressed (Fig. 1B). To further address the question of
whether the kinase activity of FGFR1 is dispensable for FRS2a

binding, FRS2a was coexpressed with wild-type FGFR1 or the
kinase-inactive (KM) FGFR1 mutant in 293 cells by transient
transfection. The lysates were immunoprecipitated with anti-
FRS2a antibodies and immunoblotted with anti-FRS2a or an-
ti-FGFR1 antibodies. This experiment showed that FRS2a
coimmunoprecipitated equally with the wild-type and kinase-
inactive FGFR1 (Fig. 1C). The wild-type FGFR1 is activated
and autophosphorylated when transiently overexpressed in 293
cells and in turn phosphorylates FRS2a (Fig. 1C). Taken to-
gether, these experiments demonstrate that FRS2a associates
as a complex with FGFR1 constitutively, independent of re-
ceptor activation and tyrosine phosphorylation.

The PTB domain of FRS2 mediates complex formation with
FGF receptor. Several docking proteins associate with acti-
vated RTKs via their PTB domains; for example, the IRS
proteins bind to the insulin receptor via their PTB domains
(40) and Shc binds to EGF receptor (3) and TrkA via its PTB
domain (9). To investigate the interaction between FRS2a and
the FGF receptor, intact FRS2a or the amino-terminal portion
of FRS2a (amino acids 1 to 158) including the PTB domain
and either the natural myristylation sequence or the nonmyri-
stylated G2A mutant sequence was coexpressed with FGFR1
or its kinase-inactive mutant in 293 cells. Full-length FRS2a or
its PTB domain with the natural myristylation signal coimmu-
noprecipitated with wild-type FGFR1 as well as with the ki-
nase-inactive FGFR1 mutant (Fig. 2A, lanes 2, 3, 6, and 7). In
contrast the coimmunoprecipitation of the G2A mutant was
significantly reduced compared to that of the wild-type protein
(Fig. 2A, lanes 4 and 8). This result provided the probable basis
for our previous observation that the nonmyristylated G2A
mutant of FRS2a is not tyrosine phosphorylated upon aFGF
stimulation and, unlike wild-type FRS2a, is deficient in pro-
moting FGF-induced neurite outgrowth in PC12 cells (19). To
further confirm that the PTB domains of FRS2a and FRS2b
bind directly to the FGF receptor, we transiently expressed
wild-type FGFR1 or its kinase-inactive mutant in 293 cells and
subjected the lysates to a pulldown assay with immobilized
PTB domains of FRS2a and FRS2b expressed as GST fusion
proteins. This experiment showed that the levels of binding of
the PTB domains of both FRS2 proteins to the wild-type
FGFR1 and its kinase-inactive mutant are comparable (Fig.
2B). The PTB domains of FRS2a and FRS2b are highly con-
served, with 75% identity in the primary sequence (Fig. 2C).

The PTB domains of FRS2 proteins associate with FGFR1
at the juxtamembrane region. Our results clearly showed that
the interaction between the PTB domains of the FRS2 proteins
and FGFR1 does not require receptor activation or its tyrosine
phosphorylation. We mapped the region on the FGF receptor
involved in binding with FRS2a by comparing the binding
properties of C-terminal deletion mutants of FGFR1. The HA
epitope tag was added to each of the FGFR1 deletion mutants
at the C-terminal end to facilitate immunoprecipitation and
immunoblotting of the different mutant receptors with stan-
dard reagents. To assay for the binding of these deletion mu-
tants of FGFR1 to FRS2a, FRS2a and the individual deletion
mutants of FGFR1 were coexpressed in 293 cells by transient
transfection, followed by immunoprecipitation of the various
deletion mutants or FRS2a (Fig. 3A) from the lysates. The
immunoprecipitates were resolved by SDS-PAGE, and the co-
immunoprecipitated deletion mutants of FGFR1 were de-
tected by anti-HA immunoblotting (Fig. 3A). The mutants with
amino acids at 410 or 420 deleted did not coimmunoprecipitate
with FRS2a (Fig. 3A, lanes 1 and 2), whereas those with amino
acids beyond 432 deleted did (Fig. 3A, lanes 3 to 9). This result
shows that the region of interaction is located at the juxtamem-
brane domain of the receptor, in the vicinity of amino acids 420

FIG. 1. Constitutive complex formation between FGFR1 and FRS2a. (A) L6
myoblasts (L6 Flg) stably transfected with FGFR1 were stimulated with aFGF
and heparin (1) (100 ng/ml and 5 mg/ml, respectively) or with medium alone (2)
for 5 min at 37°C. The lysates were immunoprecipitated (IP) with anti-FGFR1 or
anti-Grb2 antibodies. The immunoprecipitates were analyzed by SDS-PAGE
followed by immunoblotting (IB) with anti-P-Tyr (left) or anti-FRS2a (right)
antibodies. (B) NIH 3T3 (mouse fibroblast), L6 (rat myoblast), and PC12 (rat
pheochromocytoma) cells stably transfected with FGFR1 were stimulated (1)
with aFGF and heparin (100 ng/ml and 5 mg/ml, respectively) or with medium
alone (2) for 5 min at 37°C. The lysates were immunoprecipitated with anti-
FGFR1 or anti-Grb2 antibodies. The immunoprecipitates were analyzed by
SDS-PAGE followed by immunoblotting with anti-FRS2a antibodies. (C) 293
cells were transiently transfected with FRS2a alone (lane 1), together with the
wild-type FGFR1 (lane 2) or with the kinase-inactive FGFR1 (KM; lane 3). The
lysates were immunoprecipitated with anti-FGFR1 antibodies, followed by SDS-
PAGE and immunoblotting with anti-FRS2a (top), anti-P-Tyr (middle), or anti-
FGFR1 antibodies (bottom).
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to 432 bearing the sequence SIPLRRQVTVSADS. This region
is highly homologous among the four members of the mam-
malian FGFR family (Fig. 3B) and to a lesser extent among the
FGF receptors of other organisms. To verify whether this re-
gion alone is sufficient to mediate the interaction with the PTB
domain of the FRS2 proteins, a synthetic peptide encompass-
ing residues 412 to 433 (MAVHKLAKSIPLRRQVTVSADS)
was assayed for its potential to inhibit the binding between
FGFR1 and the PTB domain of the FRS2 proteins. As shown
in Fig. 3C, 10 ml of the peptide containing the FRS2a binding
site of FGFR1 inhibited the binding of the PTB domains of
both FRS2 proteins to FGFR1. A shorter peptide correspond-
ing to residues 416 to 432 of hFGFR1 also inhibits the inter-
action between FGFR1 and the PTB domain of FRS2a (data
not shown). To further demonstrate that the interaction be-
tween the PTB domain of FRS2 and the juxtamembrane re-
gion of FGFR1 is indeed direct, the PTB domain of FRS2a
expressed as a GST fusion protein and the juxtamembrane
region of FGFR1 (amino acids 399 to 470) expressed as a
histidine-tagged fusion protein were used. Equivalent amounts
of GST-PTB-FRS2a immobilized on glutathione beads were
incubated with increasing concentrations of the juxtamem-
brane region of FGFR1 protein (2.5, 5, 10, and 20 mM; Fig. 3D,
lanes 5 to 8). As a control, similar concentrations of the jux-
tamembrane region of FGFR1 were incubated with GST alone
(lanes 1 to 4). Specifically bound protein was eluted and re-
solved by SDS-PAGE, followed by immunoblotting with anti-
bodies against the hexahistidine epitope. As shown in Fig. 3D
the N-terminal region of FGFR1 binds directly to the PTB
domain of FRS2a.

Mapping of the FGFR1 binding domain by alanine scanning
mutagenesis. In our initial screening the binding domain for
FRS2a was mapped to the vicinity of amino acids 420 to 432 of
FGFR1 (Fig. 3A). We generated additional deletion mutants
of FGFR1 with the HA tag and a stop codon introduced after
codons for amino acids 421, 423, and 427 to further define the
binding domain on the FGF receptor. None of these deletion
mutants coprecipitated with FRS2a when the two were ex-
pressed together in 293 cells (Fig. 4A). Moreover, when lysates
of 293 cells expressing these deletion mutants were subjected
to a pulldown experiment using the PTB domain of the FRS2
proteins, only the mutant with amino acids beyond 432 deleted
was detected (Fig. 4A).

To further understand the interaction between FGFR1 and
the PTB domain of the FRS2 proteins, alanine scanning mu-
tagenesis of FGFR1 was carried out. Residues 419 to 430 of
FGFR1 were individually mutated to alanine, and the ability of
each point mutant to bind the FRS2 proteins was assayed. 293
cells were transiently transfected with each of the alanine point
mutants of FGFR1. The lysates prepared were subjected to
binding assays with the PTB domain of the FRS2 proteins
expressed as GST fusion proteins and immobilized on gluta-
thione-agarose beads. The bound FGFR1 was detected by
immunoblotting with anti-FGFR1 antibodies. The mutation of
residues 419, 421, 422, 423, 425, 427, and 429 (Fig. 4B, lanes 1,
3, 4, 5, 7, 9, and 11, respectively) to alanine significantly dimin-
ished the binding of FGFR1 to the PTB domain of FRS2a,
compared to that of the wild-type receptor (lane 13). Similar
results were obtained for the PTB domain of FRS2b (Fig. 4C).
These amino acids appear to be critical for the interaction
between the PTB domains of the FRS2 proteins and FGFR1
(Fig. 3B). The integrity of the various FGFR1 mutants and
their overall structures were not affected since each of the
mutants was tyrosine phosphorylated and pulled down by the
SH2 domains of PLC-g expressed as a GST fusion protein and
bound on glutathione-agarose beads (Fig. 4B). The results

FIG. 2. Association between FGFR1 and the PTB domain of FRS2a in
transfected cells and in vitro. (A) N-myristylation of FRS2a enhances complex
formation with FGFR1 in transfected cells. 293 cells were transiently transfected
with wild-type FGFR1 (lanes 1 to 4) or the kinase-inactive (KM; lanes 5 to 8)
FGFR1 mutant together with the full-length FRS2a (lanes 2 and 6), the N-
terminal region of FRS2a consisting of the N-myristylation signal and the PTB
domain (lanes 3 and 7), or the G2A mutant with a mutation in the N-myristy-
lation sequence and the PTB domain of FRS2a (lanes 4 and 8). The expression
level of FGFR1 and its kinase activity were analyzed by immunoprecipitation
(IP) with anti-FGFR1 followed by immunoblotting (IB) with anti-FGFR1 and
anti-P-Tyr antibodies. The expression levels of the various FRS2a constructs
were analyzed by immunoprecipitation and immunoblotting with anti-FRS2 an-
tibodies which were directed against the N-terminal region of FRS2a. The
interactions between wild-type FGFR1 or its kinase-inactive mutant and the
various FRS2 mutants were analyzed by immunoprecipitating the lysates with
anti-FGFR1 antibodies followed by immunoblotting with anti-FRS2 antibodies.
(B) The PTB domains of the FRS2 proteins interact with FGFR1. Lysates from
293 cells transiently transfected with the wild-type (lanes 1 to 3) or kinase-
inactive (lanes 4 to 6) FGFR1 were subjected to a pulldown assay with the PTB
domains of FRS2a (lanes 2 and 5) or FRS2b (lanes 3 and 6) expressed as GST
fusion proteins and immobilized on glutathione-agarose beads. GST alone was
used as a control (lanes 1 and 4). The specifically bound proteins were eluted and
resolved by SDS-PAGE, and the presence of FGFR1 was detected by immuno-
blotting with anti-FGFR1 antibodies. (C) Alignment of the PTB domains of
FRS2a and FRS2b by the Clustal method with DNASTAR. The two PTB
domains exhibit 75% sequence identity. Identical residues are shaded.
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obtained in the alanine scan experiment are consistent with
those from deletion mutagenesis, confirming that the binding
site for the PTB domains of FRS2 proteins on FGFR1 resides
in the juxtamembrane region within amino acids 419 to 430.
Therefore, we generated FGF receptor mutants with several
alanine substitutions in the binding domain and studied their
interaction with FRS2 as well as their effect on MAPK activa-
tion, as assayed by immunoblotting with phospho-MAPK an-
tibodies. The results showed that the combined alanine mu-
tants do not bind to the PTB domains of the FRS2 proteins
(Fig. 5A). The alanine mutants of FGFR1 also do not interact
with or stimulate tyrosine phosphorylation of FRS2a in vivo
(Fig. 5B). The mutations at the N-terminal region of the FGF
receptor binding domain (amino acids 419, 422, 423, and 425A;
Fig. 5C, lanes 1 and 3) have a stronger inhibitory effect on
MAPK activation than mutations in the C-terminal region
(amino acids 427 and 429A; Fig. 5C, lane 2), in contrast to what
is found for the wild-type receptor (Fig. 5C, lane 5). The
mutations at the N-terminal region caused about 60% inhibi-
tion of MAPK activation compared to that for the wild-type
receptor, while the mutations at the C-terminal region caused
20% inhibition of MAPK activation (Fig. 5D; the standard
deviations from two separate experiments are shown). Taken
together, these results indicated that the major interaction of
the PTB domain of FRS2 occurs at the N-terminal region of
the binding domain involving residues 419, 422, 423, and 425 of
human FGFR1.

The PTB domain of FRS2 interacts only with activated
TrkA. To study the interaction between FRS2 and the NGF
receptor, we used parental PC12 cells and PC12 cells overex-
pressing both TrkA and FRS2a (PC12-Trk-FRS2a). Quiescent
PC12 cells were stimulated with NGF, and the lysates were
immunoprecipitated with anti-Grb2, anti-Sos1, anti-Shc, anti-
FRS2, or anti-TrkA antibodies. The immunoprecipitates were
resolved and immunoblotted with anti-P-Tyr antibodies. As
shown in Fig. 6A, FRS2a was coimmunoprecipitated with
Grb2, Sos1, and TrkA in NGF-stimulated PC12-TrkA-FRS2a
cells. TrkA was coimmunoprecipitated with either Shc or
FRS2. To verify that the interaction between FRS2a and TrkA
is dependent on receptor activation and autophosphorylation,
lysates from NGF-stimulated PC12-TrkA-FRS2a cells were
immunoprecipitated with anti-FRS2a antibodies followed by
immunoblotting with anti-TrkA antibodies. This experiment
demonstrated that TrkA coprecipitated with FRS2a only from
lysates of NGF-stimulated cells (Fig. 6B).

It has been established that Shc interacts with TrkA via its
PTB domain (9, 28). We further investigated whether the in-
teraction between FRS2a and TrkA is also mediated through
the PTB domain. Lysates of NGF-stimulated or unstimulated
PC12-TrkA-FRS2a cells were subjected to a pulldown assay
with the immobilized PTB domains of the FRS2 proteins. The
PTB domains of both FRS2a and FRS2b pulled down TrkA
only from lysates of NGF-stimulated cells (Fig. 6C), indicating
that only activated and tyrosine-phosphorylated TrkA binds to
the PTB domains of the FRS2 proteins. The juxtamembrane

FIG. 3. The PTB domains of the FRS2 proteins bind to the juxtamembrane
region of FGFR1. (A) Mapping of the binding site of FRS2a on FGFR1 by
deletion mutagenesis. Deletion mutagenesis of FGFR1 was carried out by inser-
tion of the DNA sequence encoding the HA epitope, followed by the stop codon
after codons for amino acids 410, 420, 432, 445, 469, 578, 594, and 765 (lanes 1
to 8). Each of these deletion mutants and the full-length FGFR1 were tagged
with the HA epitope at the C-terminal end. 293 cells were transiently transfected
with FRS2a either alone (lane 10) or together with each of the HA-tagged
FGFR1s (wild type [lane 9] or the deletion mutants [lanes 1 to 8]). The lysates
were subjected to immunoprecipitations (IP) with anti-HA (top) or anti-FRS2a
(bottom) antibodies followed by SDS-PAGE and immunoblotting (IB) with
anti-HA antibodies. (B) Alignment of amino acid sequences of the juxtamem-
brane domains of FGF receptors. The primary sequences of human FGFR1,
FGFR2, FGFR3, and FGFR4 were aligned by the Clustal method with
DNASTAR. Identical residues are shaded. p, amino acids critical for the inter-
action between the PTB domains of the FRS2 proteins and FGFR1. (C) FRS2a
binds to the juxtamembrane region of FGFR1. 293 cells were transiently trans-
fected with FGFR1. The lysates were subjected to a pulldown assay with the
GST-PTB-FRS2a beads either alone (lane 1) or in the presence of the recom-
binant protein of the juxtamembrane of FGFR1 (amino acids 399 to 470) ex-
pressed as a histidine-tagged fusion protein (1 mM; lane 2), a bovine serum
albumin control (1 mM; lane 3), FGFR1 juxtamembrane peptide (MAVHKLA
KSIPLRRQVTVSADS; 1 and 10 mM; lanes 4 and 5, respectively), FGFR1
C-terminal peptide (PRHPAQLANGGKLRR; 1 and 10 mM; lanes 6 and 7,
respectively), and the peptide solvent dimethyl sulfoxide (1 and 10 ml; lanes 8 and
9, respectively). The specifically bound proteins were resolved by SDS-PAGE,
and the presence of FGFR1 was detected by immunoblotting with anti-FGFR1
antibodies. Similar results were observed when the PTB domain of FRS2a was
used for the pulldown experiments (data not shown). (D) The interaction between
the PTB domain of FRS2 and the juxtamembrane region of FGFR1 is direct.

Equivalent amounts of the PTB domain of FRS2a expressed as a GST fusion
protein (GST-PTB-FRS2a) and immobilized on glutathione-agarose beads were
incubated with increasing concentrations (2.5, 5, 10 and 20 mM; lanes 5 to 8,
respectively) of the juxtamembrane region of FGFR1 expressed as a hexahisti-
dine-tagged fusion protein (Juxt. D; amino acids 399 to 470). As a control, similar
concentrations of the Juxt. D protein were incubated with GST beads (lanes 1 to
4). Specifically bound proteins were eluted and resolved by SDS-PAGE, followed
by detection and Western blotting with antibodies against the hexahistidine
epitope.
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region of TrkA contains an NPXpY motif, which has been
defined as a consensus binding motif for several PTB domains
and which serves as a docking site for the PTB domain of Shc
(3, 18, 21, 44). Since the PTB domains of the FRS2 proteins
bind only to the activated TrkA receptor, we tested whether a
peptide corresponding to the Shc binding site on TrkA, which
includes pY-490 and surrounding amino acids (LQGHIIENPQ

pYFSDACVH) could inhibit the interaction between the ac-
tivated TrkA and the PTB domains of FRS2 proteins. As
shown in Fig. 6D, the pY-490 peptide diminished the associa-
tion between TrkA and the PTB domain of the FRS2 proteins
in a pulldown experiment using lysates from NGF-stimulated
and unstimulated PC12-TrkA-FRS2a cells and immobilized
PTB domains of the FRS2 proteins. The inhibition occurred
with 10 mM or higher concentrations of the peptide, suggesting
that the PTB domains of FRS2 and Shc target similar binding
sites on TrkA, involving pY-490.

FGFR1 and TrkA interact with similar sites on the PTB
domain of FRS2. To gain an insight into the mechanism by
which the PTB domains of the FRS2 proteins recognize the
sequences of FGFR1 and TrkA, which show no apparent ho-
mology, we performed peptide competition assays with syn-
thetic peptides based upon the binding sites on the receptors,
as described above. The FGFR1 peptide consists of amino
acids 412 to 433 (MAVHKLAKSIPLRRQVTVSADS) from
human FGFR1, and the TrkA phosphopeptide consists of
amino acids 489 to 497 (LQGHIIENPQpYFSDACVH) from
human TrkA. FGFR1 was transfected in 293 cells, and lysates
were subjected to a pulldown assay with the PTB domains of
the FRS2 proteins expressed as GST fusion proteins and im-
mobilized on glutathione-agarose beads. The bound FGFR1
was detected by elution off the beads, SDS-PAGE, and immu-
noblotting with anti-FGFR1 antibodies. As shown in Fig. 7A,
in the presence of 10 mM FGFR1 peptide, the binding of
FGFR1 to the immobilized PTB domains of the FRS2 proteins
was virtually abolished (lane 5). Similar inhibition of the bind-
ing was observed with 10 mM TrkA phosphopeptide (lane 7).
Similar results were obtained when this experiment was per-
formed with the kinase-inactive FGFR1 (data not shown).

We further investigated the ability of the peptides to com-
pete for the binding of TrkA to the PTB domains of the FRS2
proteins. Quiescent PC12-TrkA-FRS2a cells were stimulated
with NGF (100 ng/ml, 5 min) and lysed, and the lysates were
subjected to a pulldown assay with immobilized PTB domains
of the FRS2 proteins, as described above. Bound TrkA was
detected by elution off the beads, SDS-PAGE, and immuno-
blotting with anti-TrkA antibodies. In the presence of 10 mM
FGFR1 or TrkA peptide, the binding of TrkA to the PTB
domain of FRS2 was abolished (Fig. 7B, lanes 6 and 8). From
the collective data above we conclude that FGFR1 and TrkA
bind to the PTB domains of the FRS2 proteins at similar or
overlapping binding sites. However, FRS2 binds preferentially
to tyrosine-phosphorylated, activated TrkA, while FRS2 inter-
acts with FGFR1 in a phosphorylation-independent manner.

Expression level of FGFR1 modulates NGF-induced ty-
rosine phosphorylation of FRS2a. Since FRS2 proteins inter-
act with both FGFR1 and the NGF receptor, we have exam-
ined the possibility that overexpression of FGFR1 will
influence NGF-induced tyrosine phosphorylation of FRS2a.
To test this hypothesis, 293 cells were transfected with constant
levels of the TrkA and FRS2a cDNAs and increasing levels of
DNA of the kinase-inactive mutant of FGFR1. The cells were
then lysed, and FRS2a was immunoprecipitated. The immu-
noprecipitates were separated by SDS-PAGE and analyzed by
immunoblotting with anti-pTyr antibodies. The results showed
that increased expression of the kinase-inactive mutant of
FGFR1 diminished the tyrosine phosphorylation of FRS2a in
response to NGF stimulation (Fig. 8). We also found that in
PC12 cells overexpressing FGFR1, the level of NGF-induced
tyrosine phosphorylation of endogenous FRS2 is somewhat
reduced (data not shown). These observations suggest that
FGF receptors may regulate signaling through NGF receptors

FIG. 4. FRS2 proteins bind to similar regions on FGFR1 via their PTB
domains. (A) Binding of FRS2 proteins to deletion mutants of FGFR1. HA-
tagged deletion mutants of FGFR1 truncated at amino acids 410, 420, 421, 423,
427, or 432 (lanes 1 to 6, respectively) were cotransfected with FRS2a expression
plasmid in 293 cells. The lysates were subjected to immunoprecipitations (IP)
with anti-HA or anti-FRS2a antibodies, followed by SDS-PAGE and immuno-
blotting (IB) with anti-HA antibodies. The same series of deletion mutants were
expressed in 293 cells, and the lysates were subjected to a pulldown assay with
GST-PTB-FRS2a or GST-PTB-FRS2b beads. The specifically bound proteins
were eluted and resolved by SDS-PAGE, and the presence of various deletion
mutants of FGFR1 was detected by immunoblotting with anti-HA antibodies.
(B) Alanine scanning of the PTB domain binding site on human FGFR1. 293
cells were transfected with FGFR1 mutants, each with a single alanine substitu-
tion at amino acids 419 to 430 (lanes 1 to 12, respectively), or with wild-type
FGFR1 (lane 13). The expression levels of the alanine mutants were shown to be
equivalent by immunoblotting total cell lysate with anti-FGFR1 antibodies. The
lysates were subjected to a pulldown assay with GST-SH2-PLC-g or GST-PTB-
FRS2a beads. The specifically bound proteins were eluted and resolved by
SDS-PAGE, and the presence of alanine mutants of FGFR1 was detected by
immunoblotting with anti-FGFR1 antibodies. (C) The PTB domains of the FRS2
proteins bind to similar binding sites on FGFR1. 293 cells were transiently
transfected with FGFR1 mutants, each with a single alanine substitution at
amino acids 419 to 430 (lanes 1 to 12, respectively), or with wild-type FGFR1
(lane 13). The expression levels of the alanine mutants were shown to be equiv-
alent by immunoblotting the total cell lysate with anti-FGFR1 antibodies. The
lysates were subjected to a pulldown assay with GST-PTB-FRS2b beads. The
specifically bound proteins were resolved by SDS-PAGE, and the presence of the
alanine mutants of FGFR1 was detected by immunoblotting with anti-FGFR1
antibodies.
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by sequestering a common docking protein, such as FRS2, that
both receptors utilize for transmitting their signals.

DISCUSSION

FRS2a is a major intracellular substrate of the ligand-acti-
vated FGF and NGF receptors and is rapidly and highly ty-
rosine phosphorylated in cells upon FGF or NGF stimulation.
Structurally, FRS2a bears an N-terminal myristylation site, a
PTB domain, four potential Grb2(SH2) recognition sites, and

two Shp2(SH2) recognition sites (19). Tyrosine-phosphory-
lated FRS2a forms a complex with Grb2-Sos and Shp2, which
is itself tyrosine phosphorylated and bound to the Grb2-Sos
complex (14). Thus FRS2a mediates the recruitment of the
Grb2-Sos complexes directly and indirectly via Shp2 in signal-
ing via the FGF and NGF receptors. The overexpression of
wild-type FRS2a enhances FGF-induced MAPK activation
and neurite outgrowth in PC12 cells. Conversely, overexpres-
sion of FRS2a mutated to abolish the recruitment of Shp2 and
Grb2-Sos complexes abrogates FGF-induced MAP kinase ac-

FIG. 5. Alanine substitutions of amino acids in the FRS2 binding site on FGFR1 abrogates FRS2 phosphorylation and MAPK activation. (A) 293 cells were
transfected with FGFR1 with combined alanine substitutions at amino acids 422, 423, and 425 (lane 3); 419, 422, 423, and 425 (lane 4); 427 and 429 (lane 5); 419, 422,
423, 425, 427, and 429 (lane 6); and wild-type FGFR1 (lane 1) or its kinase-inactive mutant (lane 2) as a control. The expression of each receptor was shown to be
equivalent by immunoblotting (IP) the total cell lysate with anti-FGFR1 antibodies. The lysates were subjected to a pulldown assay with GST-SH2-PLC-g, GST alone,
or GST-PTB-FRS2a beads. The specifically bound proteins were resolved by SDS-PAGE, and the presence of the alanine mutants of FGFR1 was detected by
immunoblotting with anti-FGFR1 antibodies. (B) 293 cells were transfected with FRS2a (lanes 1 to 7) and FGFR1 with combined alanine substitutions as described
for panel A. The expression levels of the FGF receptors were shown to be equivalent by immunoblotting total cell lysate with anti-FGFR1 and anti-FRS2a antibodies.
The lysates were subjected to immunoprecipitation (IP) with anti-FGFR1 antibodies or anti-FRS2a antibodies followed by immunoblotting with anti-P-Tyr antibodies.
(C) 293 cells were transfected with FRS2a and ERK1 (lanes 1 to 5) and FGFR1 with the indicated combined alanine substitutions (lanes 1 to 4) or the wild-type FGFR1
(lane 5). The cells were lysed, and equivalent amounts of the total cell lysates were resolved by SDS-PAGE and immunoblotted with anti-FRS2, anti-FGFR1, anti-P-Tyr,
anti-MAPK, or anti-phospho-MAPK (P-MAPK) antibodies. (D) Densitometric quantitation of MAPK phosphorylation. Standard deviations from two separate
experiments are shown. WT, wild type.
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tivation and neurite outgrowth (14, 19). In addition, microin-
jection of anti-FRS2a antibodies inhibits FGF-induced DNA
synthesis (19). These observations establish that FRS2a serves
as a physiological link between ligand-activated FGF and NGF
receptors and the Ras/MAPK signaling pathway (14, 19).

To achieve regulation and specificity in signaling, many
RTKs utilize a class of proteins called docking proteins. These
proteins contain multiple phosphotyrosine residues that serve
as recruitment sites for a variety of signaling molecules. Dock-
ing proteins commonly possess an N-terminal PTB domain
involved in direct interaction with RTKs (30). It was previously
demonstrated that certain docking proteins bind to a consen-
sus NPXpY sequence motif in several RTKs. For example, the
activated insulin receptor possesses an NPXpY sequence in the
juxtamembrane region which is the recognition site for the
PTB domains of IRS1 and Shc (13). A similar NPEpY motif is
also present in the EGF receptor, to which the PTB domain of
Shc binds (3, 20). Upon ligand stimulation the NGF receptor
becomes autophosphorylated on an NPQY motif in the jux-
tamembrane region which serves as a high-affinity binding site
for the PTB domain of Shc. This motif is conserved in TrkB,
TrkC (36), and glial cell-derived neurotrophic factor receptor,
Ret (1).

Since the FRS2 proteins are major intracellular substrates
and downstream effectors of the FGF and NGF receptors, we
set out to investigate the mechanism of interaction between the
FRS2 proteins and these two receptors. The interaction be-
tween FRS2 and FGF receptor represents a novel paradigm.
The association of FRS2 with the FGF receptor is constitutive

and does not require tyrosine phosphorylation of the receptor.
We have shown in this report that the interaction occurred
specifically through the PTB domain of FRS2 binding to the
juxtamembrane region of FGF receptor despite the absence of
an NPXY motif. We further mapped the binding site and
showed that it resides at amino acids 419 to 430 bearing the
sequence KSIPLRRQVTVS. This sequence is conserved
throughout the mammalian FGF receptor family (Fig. 3B),
and amino acids K419, I421, P422, L423, R425, V427, and
V429, when mutated to alanine, strongly diminished the inter-
action between FGFR1 and the PTB domains of the FRS2
proteins. The inefficient recruitment of FRS2a by FGFR1
bearing combined substitutions of alanine for these amino
acids resulted in decreased tyrosine phosphorylation of
FRS2a. We have earlier shown that tyrosine-phosphorylated
FRS2a bound directly to the SH2 domains of Grb2 and Shp2,
leading to potentiation of FGF-induced MAPK activation (14,
19). Elimination of Grb2 and Shp2 binding by mutation of the
tyrosine residues responsible for Grb2 and Shp2 binding to
phenylalanine led to reduction in FRS2a-mediated MAPK
activation by 30 to 40% (14, 19). Indeed, the reduced tyrosine
phosphorylation of FRS2a by FGFR1 due to inefficient bind-
ing to FGFR1 with alanine substitutions for amino acids in the
binding domain resulted in reduced MAPK activation to a
similar extent. The incomplete inhibition of MAPK activation
by the FRS2 and FGFR1 mutants could be attributed to re-
cruitment of Grb2-Sos complexes by other docking proteins,
such as Shc and Gab1, that are tyrosine phosphorylated in
response to FGF stimulation.

FIG. 6. FRS2 binds via its PTB domain to Y490 site on NGF receptor in a phosphorylation-dependent manner. (A) Ternary complex of FRS2a–Grb2-Sos1 and
tyrosine-phosphorylated TrkA. PC12 cells stably transfected with TrkA and FRS2a were stimulated (1) with 100 ng of NGF/ml or with medium alone (2) for 5 min
at 37°C. The lysates were subjected to immunoprecipitations (IP) with anti-Grb2, anti-Sos1, anti-Shc, anti-FRS2, or anti-TrkA antibodies. The immunoprecipitates were
resolved by SDS-PAGE followed by immunoblotting (IB) with anti-P-Tyr antibodies. (B) FRS2a binds to tyrosine-phosphorylated TrkA. PC12 cells stably transfected
with TrkA and FRS2a were stimulated with 100 ng of NGF/ml or with medium alone for 5 min at 37°C. The lysates were subjected to immunoprecipitations with
anti-FRS2a or anti-TrkA antibodies. The immunoprecipitates were resolved by SDS-PAGE followed by immunoblotting with anti-TrkA antibodies. (C) FRS2a binds
to tyrosine-phosphorylated TrkA via the PTB domain. PC12 cells stably transfected with TrkA and FRS2a were stimulated with 100 ng of NGF/ml or medium alone
for 5 min at 37°C. The lysates were subjected to a pulldown assay with immobilized GST (control), GST-PTB-FRS2a, or GST-PTB-FRS2b. The specifically bound
proteins were resolved by SDS-PAGE, and the associated TrkA was detected by immunoblotting with anti-TrkA antibodies. (D) The PTB domains of FRS2 proteins
bind to the NPQpY sequence of TrkA. PC12 cells stably transfected with TrkA and FRS2a were stimulated with 100 ng of NGF/ml or medium alone for 5 min at 37°C.
The lysates were subjected to a pulldown assay with immobilized GST-PTB-FRS2b. The phosphopeptide encompassing the NPQpY motif of TrkA was added at 10
or 1 mM. A control peptide corresponding to the C-terminal region of human FGFR1 (C-ter-P) was similarly added at 10 or 1 mM. The specifically bound proteins
were resolved by SDS-PAGE, and the associated TrkA was detected by immunoblotting with anti-TrkA antibodies.

986 ONG ET AL. MOL. CELL. BIOL.



Interestingly, the sequence of the binding domain does not
seem to acquire the b-turn conformation which is found in
PTB domain-interacting ligands (reviewed in references 7 and
15). The PTB recognition site on FGFR1 contains a putative
protein kinase C phosphorylation site bearing the sequence
RQVT (amino acids 425 to 428) (11). The phosphorylation of
this threonine is not required for interaction with the PTB of
FRS2a since the T428A mutant FGFR1 was still able to in-
teract with FRS2a. In addition, a bacterially produced protein
of the juxtamembrane domain of FGFR1 (amino acids 399 to
470) which was not phosphorylated and a synthetic peptide
corresponding to the binding site on FGFR1 bind directly to
the PTB domains of FRS2 proteins and compete effectively
with the binding of the full-length FGFR1.

Unlike what is found for FGFR1, the binding of FRS2 to the
NGF receptor (TrkA) is mediated through the classical
NPQpY motif of TrkA. FRS2 binds in vivo a phosphopeptide
corresponding to the binding site on TrkA, resulting in re-
duced interaction between the activated receptor and the PTB
domains of the FRS2 proteins. Indeed, mutation of the ty-
rosine residue in this motif (Y490) to phenylalanine on the
TrkA receptor completely abrogated its signaling capacity.
PC12 cells stably transfected with the Y490F mutant TrkA do
not exhibit NGF-induced MAPK activation and neurite out-
growth (28, 41). Recently, it was demonstrated that the PTB
domain of FRS2a bound directly to the Shc binding site on
TrkA and TrkB (10, 26).

Our results suggest that the PTB domains of the FRS2
proteins are capable of recognizing diverse sequences specifi-
cally. As the synthetic peptides corresponding to the sequences
of the binding regions of FGFR1 and TrkA prevent the inter-
action between these receptors and the PTB domains of the
FRS2 proteins, it is likely that the recognition of the diverse
ligand sequences occurs through similar or overlapping sites on
the PTB domains. Thus, contrary to the previously established
paradigms of interaction between RTKs and PTB domains of
docking proteins, the phosphorylation of the FGF receptor is
not obligatory for recognition by the PTB domains of FRS2
proteins. However, the binding of the PTB domains of the
FRS2 proteins to TrkA is dependent upon tyrosine phosphor-
ylation of the NPXY motif.

An emerging notion on the recognition of ligands by PTB
domains is that PTB domains exist as a family of structurally
conserved protein modules with diverse ligand-binding speci-
ficities that is not restricted to recognition of the b-turn-form-

ing sequence NPXpY. The PTB domains of Shc and IRS1
preferentially bind to targets containing the NPXpY motif.
Those of X11 and FE65 recognize as their target the b-amyloid
precursor protein (bAPP) on an NPTY motif, but the phos-
phorylation of the tyrosine residue is not obligatory (4, 43).
Indeed the replacement of the tyrosine residue with alanine
results in no significant loss of binding affinity (42). The bind-
ing of the PTB domain of FE65 to its ligand bAPP requires the
presence of an extra 28 residues flanking the NPXY site, but
unlike that of X11 this PTB domain does not require the
asparagine residue of the NPXY motif (42). An example of the
diverse binding specificity to the same PTB domain is that of
the Numb protein and its ligands. Numb is a protein involved
in asymmetric cell division in Drosophila melanogaster. It binds
to the adapter protein Lnx through an NPXY sequence, where
tyrosine phosphorylation decreases the binding affinity (8). It
also binds to the Numb-associating kinase via the sequence
GFSNMSFEDFP, which does not contain a tyrosine residue
(6). In a degenerate phosphopeptide library screen, it was
found that the PTB domain of Numb preferentially bound
GPY motifs and that the affinity of the nonphosphorylated
version of this peptide is significantly lower than that of the
phosphorylated peptide (24). Recently, competitive binding
studies showed that the PTB domain of Numb binds to its

FIG. 7. FGFR1 and TrkA interact with similar sites on the PTB domain of FRS2. (A) 293 cells were transiently transfected with FGFR1. The lysates were subjected
to a pulldown assay with the GST-PTB-FRS2b beads either alone (lane 1) or in the presence of the recombinant protein of the juxtamembrane of FGFR1 (amino acids
399 to 470) expressed as a histidine-tagged fusion protein (1 mM; lane 2), bovine serum albumin (control; 1 mM; lane 3), FGFR1 juxtamembrane peptide (1 and 10
mM; lanes 4 and 5, respectively), TrkA phosphopeptide (1 and 10 mM; lanes 6 and 7, respectively), and a control peptide (1 and 10 mM; lanes 8 and 9, respectively).
The specifically bound proteins were resolved by SDS-PAGE, and the presence of FGFR1 was detected by immunoblotting (IB) anti-FGFR1 antibodies. (B) A similar
experiment was carried out with lysates of PC12 cells stably transfected with TrkA and FRS2a. Cells were stimulated (1) with 100 ng of NGF/ml or medium alone
(2) for 5 min at 37°C. The specifically bound proteins were resolved by SDS-PAGE, and the associated TrkA was detected by immunoblotting with anti-TrkA
antibodies.

FIG. 8. Inhibition of TrkA-mediated FRS2a phosphorylation by overexpres-
sion of kinase-inactive FGFR1 mutant. 293 cells were transfected with constant
levels of TrkA and FRS2a expression plasmids (lanes 1 to 6; 1 and 0.5 mg of the
respective plasmids) and increasing levels of expression plasmid encoding the
kinase-inactive FGFR1 mutant (0, 0.5, 1, 3, 6, and 18 mg of plasmids in lanes 1
to 6, respectively). The cells were lysed, and equivalent amounts of the total cell
lysates were resolved by SDS-PAGE and immunoblotted (IB) with anti-TrkA,
anti-FRS2a, or anti-FGFR1 antibodies, respectively. Immunoprecipitation (IP)
of FRS2a was followed by immunoblotting with anti-P-Tyr antibodies.
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three ligands with similar affinities (23). Moreover, since the
peptides compete with each other, it is likely that they bind
overlapping sites in the PTB domain. The solution structure of
the PTB domain of Numb in a complex with the GPpY peptide
shows that rather than the typical type I b-turn conformation
observed in other PTB domain-peptide structures, the GPpY
peptide assumes a helical-turn conformation that determines
the contact between this peptide and the PTB domain (23).
Based on the above examples, it seems that PTB domains can
recognize a wide range of ligands and that their specificities
will be defined by their spatial contacts. Our results show that
the PTB domains of the FRS2 proteins can be classified in the
group of PTB domains which can interact with multiple ligands
that have no sequence homology.

FRS2 proteins recognize multiple receptors in phosphoryla-
tion-dependent and -independent manners. This property en-
dows FRS2 proteins with a capacity to modulate a signal com-
mon to the receptors for FGF, NGF, and probably other
neurotropic factors. The experiments presented in this report
demonstrate that the relative levels of expression of these
receptors and their activation states may influence the degree
of recruitment of a limiting element (i.e., FRS2a or -b) that is
crucial for activation of a common signal transduction pathway
(i.e., Grb2/Sos/Ras). This may provide a plausible mechanism
for transmodulation of signals between several different RTKs.
The increased expression of FGF receptors in the absence of
ligand activation could lead to changes in the distribution of
FRS2 binding to ligand-activated TrkA and serve to downregu-
late the signals originating from TrkA via FRS2a.

Other studies have shown that activation of other members
of the neurotrophin receptor family of tyrosine kinases, such as
Ret (32) and TrkA and TrkB (10, 14) induce tyrosine phos-
phorylation of FRS2 in PC12 cells and cortical neurons, re-
spectively. These observations are of particular interest since
they suggest that transmodulation between RTKs could be a
general mechanism that controls the strength of signals initi-
ated by various tyrosine kinases and the fate of the cell in which
these tyrosine kinases are expressed. It is therefore important
to establish more physiologically relevant systems for exploring
the possibility that tyrosine phosphorylation of a limiting dock-
ing protein could be an important step that defines specificity
and provides a control element crucial for regulation of several
families of RTKs that control neuronal cell differentiation and
survival.
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